Filamins are an important family of actin-binding and crosslinking proteins that mediate remodeling of the actin cytoskeleton and maintain extracellular matrix connections by anchoring transmembrane proteins to actin filaments and linking them to intracellular signaling cascades. We recently found that filamins are targeted for proteasomal degradation by the E3 ubiquitin ligase specificity subunit ASB and that acute degradation of filamins through this ubiquitin-proteasome pathway correlates with cell differentiation. Specifically, in myeloid leukemia cells retinoic-acid-induced expression of ASB2 triggers filamin degradation and recapitulates early events crucial for cell differentiation. ASB2 is thought to link substrates to the ubiquitin transferase machinery; however, the mechanism by which ASB2 interacts with filamin to induce degradation remained unknown. Here, we use cell-based and biochemical assays to show that the subcellular localization of ASB2 to actin-rich structures is dependent on filamin and that the actin-binding domain (ABD) of filamin mediates the interaction with ASB2. Furthermore, we show that the ABD is necessary and sufficient for ASB2-mediated filamin degradation. We propose that ASB2 exerts its effect by binding the ABD and mediating its polyubiquitylation, so targeting filamins for degradation. These studies provide the molecular basis for ASB2-mediated filamin degradation and unravel an important mechanism by which filamin levels can be acutely regulated.
Introduction
Filamins (FLNs) are essential, evolutionarily conserved, actinbinding proteins that crosslink and bundle actin filaments and link transmembrane receptors to intracellular cytoskeletal and signaling networks. Humans have three highly homologous FLN isoforms (FLNa, FLNb and FLNc) . FLNa and FLNb show ubiquitous cellular and tissue expression patterns, whereas FLNc is thought to be largely restricted to skeletal and cardiac muscles (Thompson et al., 2000; van der Flier and Sonnenberg, 2001 ). FLN expression is essential to mammalian development (Zhou et al., 2007) , and mutations in the human FLN genes result in diverse congenital anomalies including defects in the brain, bone, cardiovascular system and many other organs (Krakow et al., 2004; Robertson et al., 2003; Sheen et al., 2001) . Although the mechanisms underlying the genetic mutations that disrupt development are unknown, the wide range of diseases suggests involvement of FLNs in a diverse variety of interactions.
FLNs are cytoplasmic homodimers composed of two ~250 kDa subunits. Each FLN subunit consists of an N-terminal actin-binding domain (ABD), composed of two calponin homology (CH) domains, followed by 24 tandem immunoglobulin-like domains (IgFLN1-IgFLN24) of ~96 amino acids interrupted by two hinge regions (Gorlin et al., 1990; Pudas et al., 2005; van der Flier and Sonnenberg, 2001 ). Dimerization of FLN subunits through their Cterminal IgFLN domain allows formation of a 160-nm V-shaped flexible structure that tethers actin filaments (Gorlin et al., 1990; Hartwig et al., 1980) . In addition to F-actin, FLNs bind to more than 70 diverse proteins, including transmembrane receptors, signaling and adaptor proteins, and act as scaffolds for a wide range of signaling complexes (Feng and Walsh, 2004; Stossel et al., 2001; Zhou et al., 2010; Zhou et al., 2007) . Through these interactions, mainly mediated by IgFLN16-IgFLN24, FLNs link matrix and cytoskeletal signaling pathways and regulate reorganization of the actin cytoskeleton, cell shape, cell adhesion and migration (Stossel et al., 2001; Zhou et al., 2010) .
The importance of FLNs in a range of cellular processes and the numerous FLN-binding proteins suggests that FLN activity and interactions will be tightly regulated. A number of regulatory mechanisms have been identified, including dynamic phosphorylation and dephosphorylation of FLN or FLN-binding proteins (Jay et al., 2000; Kiema et al., 2006; Vadlamudi et al., 2002; Woo et al., 2004) , intramolecular autoinhibition (Lad et al., 2007) , mechanical force (Chen et al., 2009; Glogauer et al., 1998; Pentikainen and Ylanne, 2009 ) and competition between FLNbinding partners (Ithychanda et al., 2009; Lad et al., 2008) . In addition, FLNs can be regulated by calpain and caspase proteolysis and, in turn, affect upon many processes, including apoptosis and motility (Browne et al., 2000; O'Connell et al., 2009; Umeda et al., 2001) . Finally, we recently found that FLN levels can be acutely controlled by the ubiquitin-proteasome pathway, and that transient loss of FLNs is important during cell differentiation (Bello et al., 2009; Heuze et al., 2008) . This is achieved through the action of ASB2 [for 'ankyrin repeat containing protein with a suppressor of cytokine signaling (SOCS) box 2'] proteins, the specificity subunits of E3 ubiquitin ligase complexes (Bello et al., 2009; Heuze et al., 2008) .
ASB2, initially identified as a retinoic-acid-response gene in myeloid leukemia cells (Guibal et al., 2002) , encodes two isoforms, ASB2 and ASB2, which are expressed in hematopoietic and muscle cells, respectively (Bello et al., 2009 ). ASB2 contains an N-terminal region followed by 15 predicted ankyrin repeats and a C-terminal SOCS box. The SOCS box mediates interaction with a cullin family member (cullin 5) and RING finger proteins (Rbx1 or Rbx2) by interacting with elongin BC to form an E3 ubiquitin ligase complex (Heuze et al., 2005; Kohroki et al., 2005) . It has been proposed that ASB2 mediates polyubiquitylation and proteasomal degradation of bound proteins and regulates myeloid cell proliferation and differentiation by targeting regulators of hematopoiesis for degradation (Heuze et al., 2005) . Other members of the ASB family have also been proposed to exert their effects by targeting specific regulatory proteins for degradation (Chung et al., 2005; Debrincat et al., 2007; Wilcox et al., 2004) and have been implicated in many biological processes (Boengler et al., 2003; Diks et al., 2006; Kile et al., 2001; Kohroki et al., 2001; McDaneld et al., 2004; McDaneld et al., 2006) .
We recently identified FLNa, FLNb and FLNc as ASB2 substrates and showed that ASB2 induces proteasome-mediated degradation of FLNs, whereas an inactive ASB2 mutant lacking the SOCS box, rendering it unable to assemble an E3 ubiquitin ligase complex, does not induce degradation of FLNs (Baldassarre et al., 2009; Heuze et al., 2008) . We further showed that ASB2-mediated degradation of FLNs impacts upon cell spreading and migration and might play a role in cell differentiation (Baldassarre et al., 2009; Heuze et al., 2008) . In differentiating myeloid leukemia cells, ASB2 expression correlates with FLN downregulation, and knockdown of endogenous ASB2 delays FLN degradation and differentiation (Heuze et al., 2008) , implicating ASB2-induced FLN degradation in hematopoietic differentiation.
ASB2 represents the first example of FLN regulation through the proteasomal degradation pathway; however, the mechanism by which ASB2 targets FLNs for degradation remained unknown. Here, we use cell-based and biochemical assays to map and characterize the FLN-ASB2 interaction. We find that the subcellular localization of ASB2 is dependent on FLNs, and we map the ABD of FLNa as an ASB2-binding site. In addition, we show that the ABD is not only necessary but sufficient for ASB2-mediated proteasomal degradation. Furthermore, we show that ASB2 specifically targets the ABD of all the three FLN isoforms for degradation. These findings provide insight into the molecular basis for ASB2-mediated FLN degradation and characterize an important mechanism by which FLN levels can be regulated through the targeting of the ABD for proteasomal degradation.
Results

The subcellular localization of ASB2 to actin-rich structures is dependent on FLN
We previously showed that ASB2 serves as the substrate recognition subunit of the E3 ubiquitin ligase complex that mediates polyubiquitylation and proteasomal-mediated degradation of FLNs (Baldassarre et al., 2009; Bello et al., 2009; Burande et al., 2009; Heuze et al., 2008) . In order for this process to occur, FLNs and ASB2 must, at least transiently, interact. Consistent with this hypothesis, when expressed in HeLa cells, ASB2 initially colocalizes with FLNa and F-actin at stress fibers (Fig. 1B) . However, at later time points, although stress fibers remain, ASB2 is diffuse throughout the cytoplasm (Fig. 1B) and FLNa staining is undetectable in the ASB2-expressing cells (Fig. 1B) . As previously reported (Heuze et al., 2008) , expression of an inactive ASB2 mutant (ASB2⌬S) lacking the SOCS box (Fig. 1A) , rendering it unable to assemble into an E3 ubiquitin ligase complex, does not induce FLNa degradation (Fig. 1B) . This inactive mutant continues to accumulate on stress fibers even at later time points (Fig. 1B) .
In HeLa cells, FLNs largely localize to stress fibers (Fig. 1B) , and ASB2 regulates FLN abundance at these sites. To determine (A) Schematic representation of wild-type ASB2 and the inactive mutant form, ASB2⌬S, lacking the SOCS box. The N-terminus is shaded in black, ankyrin repeats are in white and SOCS box is in gray. (B) HeLa cells were imaged 10 hours and 24 hours after transfection with GFP-ASB2 or GFP-ASB2⌬S. Cells were fixed and stained for FLNa and phalloidin (Phall). (C) HT1080 cells were imaged 24 hours after transfection with GFP-ASB2 or GFP-ASB2⌬S. Cells were fixed and stained as in B. Scale bars: 10 m.
whether ASB2 regulates FLN abundance in the cell cortex, ASB2 was expressed in HT1080 cells, where FLNs primarily localize to the cell cortex. As in the HeLa cells, 24 hours after transfection, ASB2 is diffuse throughout the cytoplasm and FLNa staining is undetectable in the ASB2-expressing HT1080 cells (Fig. 1C) . However, the inactive ASB2⌬S mutant colocalizes with FLNa to the cell cortex and stress fibers (Fig. 1C) . These findings are consistent with the hypothesis that subcellular localization of ASB2 to actin-rich structures is due to association with FLNs because after FLN degradation ASB2 is diffuse throughout the cytoplasm.
To validate that ASB2 subcellular localization is FLN dependent, we generated FLN-deficient cells. Fibroblasts from wild-type (WT) or FLNa-deficient mouse embryos (Hart et al., 2006) were immortalized using the 3T3 protocol (Todaro and Green, 1963) . Although FLNa is the most abundant FLN isoform, we recently showed that FLNb can compensate for the absence of FLNa, at least in terms of the cell spreading and motility effects of FLNs (Baldassarre et al., 2009; Heuze et al., 2008) . Therefore, FLNa-deficient FLNb-knockdown (FLNaKO-bKD) fibroblasts were generated by stably transfecting FLNa-deficient cells with short hairpin RNA (shRNA) against FLNb. As shown in Fig. 2A ,B, FLNa is not expressed in either of the FLNa deficient lines and FLNb expression is substantially reduced in the FLNaKO-bKD lines. Consistent with our previous studies (Baldassarre et al., 2009) , FLNa and FLNb removal did not dramatically affect the actin cytoskeleton, and stress fibers were still present and intact in the FLNaKO and FLNaKO-bKD cells, as shown by the phalloidin staining in Fig. 2A,C .
To examine the effect of FLNab-deficiency (i.e. deficiency in both FLNa and FLNb) on ASB2 localization, WT, FLNaKO and FLNaKO-bKD fibroblasts were transfected with dsRed-ASB2⌬S and stained for phalloidin 24 hours later (Fig. 2C) . Given that the inactive mutant ASB2⌬S does not induce degradation of FLNs and accumulates primarily on stress fibers in fibroblasts, this protein was used in the localization assays to assess ASB2 targeting to FLNs. Localization of dsRed-ASB2⌬S in each cell line was quantified by scoring the number of ASB2⌬S-expressing cells that showed ASB2⌬S targeting to at least one stress fiber in the red channel (Fig. 2D) that localization was much less prominent than in the WT cells (Fig. 2C,D) . Interestingly, <15% of the FLNaKO-bKD fibroblasts exhibited ASB2⌬S stress fiber localization, and the few cells showing ASB2⌬S targeting to stress fibers exhibited very weak localization, whereas in the majority of the FLNaKO-bKD cells ASB2⌬S was diffuse throughout the cytoplasm (Fig. 2C,D) . To better quantify this phenomenon, we measured the colocalization correlation coefficient between ASB2⌬S and F-actin staining (see Materials and Methods for details). The Pearson's coefficient for WT cells was 0.75±0.07, for FLNaKO cells was 0.12±0.17 and for FLNaKO-bKD cells was -0.018±0.12 (Fig. 2E ). The colocalization coefficient is consistent with our colocalization scoring and indicates strong correlation of ASB2⌬S with F-actin in WT cells and significantly (P<0.0001) reduced correlation in the FLNaKO and FLNaKO-bKD cells. Note that despite the presence of stress fibers, ASB2⌬S is largely cytoplasmic in the FLNaKO and FLNaKO-bKD cells (Fig. 2C) .
The more pronounced reduction of ASB2⌬S localization to stress fibers in the FLNaKO-bKD cells compared with that in the FLNaKO cells suggests that endogenous FLNb is compensating for lack of FLNa. We previously observed that knockdown of FLNa and FLNb in HT1080 human fibrosarcoma cells resulted in upregulation of FLNc (Baldassarre et al., 2009 ). This compensatory adaptation suggests that a threshold level of FLNs is essential for cell viability. Consistent with this, FLNc expression, although barely detectable in WT fibroblasts, is substantially upregulated in the FLNaKO-bKD cells ( Fig. 2A ). In the absence of a pan anti-FLN antibody capable of detecting all three isoforms we cannot accurately quantify total FLN levels but, consistent with our data in FLNabKD HT1080 cells (Baldassarre et al., 2009) , we believe that total FLN levels are substantially reduced in the FLNaKObKD cells, which lack the two major FLN isoforms. This is supported by the near complete lack of ASB2 targeting to stress fibers in the FLNaKO-bKD cells, suggesting that, despite increased FLNc levels, the overall FLN levels remain too low to target ASB2⌬S. Overall, these results are consistent with our observations in HeLa and HT1080 cells and demonstrate that ASB2 localization to F-actin-rich structures is indeed FLN dependent.
2634 Journal of Cell Science 124 (15) The ABD of FLNa is necessary and sufficient for ASB2-mediated degradation E3 ubiquitin ligase complexes are thought to work by linking substrates to the ubiquitin transferase machinery. Indeed, ASB3 and ASB9 binding to tumor necrosis factor receptor II and creatine kinase B, respectively, results in polyubiquitylation and subsequent degradation of their substrate (Chung et al., 2005; Debrincat et al., 2007) . The above results demonstrate that ASB2 targeting to actin-rich structures is dependent on FLNa and FLNb and suggest that ASB2 triggers FLN polyubiquitylation and degradation through an association with FLNs. Thus, the minimal fragment of FLN that can be targeted for degradation by ASB2 is likely to contain the ASB2-binding site. We therefore generated a series of GFP-tagged FLNa fragments (Fig. 3A) ; transfection of CHO cells with these constructs resulted in expression of GFP-tagged proteins of the expected sizes as assessed by western blotting (Fig. 3B) . We then tested the ability of the FLNa fragments to be targeted for degradation by ASB2 using a FACS-based assay. To do so, each GFP-tagged FLNa construct was transfected into CHO cells, and the cells were divided between two plates. After 24 hours, each plate was re-transfected with either dsRed-ASB2 or dsRed-ASB2⌬S. This serial transfection allowed us to verify expression of the GFP-tagged FLNa constructs before transfection of dsRed-ASB2 or dsRed-ASB2⌬S. At 48 hours after the second transfection, the GFP intensity of dsRed-ASB2 expressing cells was measured and compared with that in the cells expressing the inactive mutant dsRed-ASB2⌬S. ASB2S serves as an internal control for non-specific effects on FLN fragment expression and allows us to compare different experiments and different FLN constructs, independent of differential expression levels or transfection efficiency. Thus, the percentage of protein remaining is reported as a ratio of the GFP intensity in dsRed-ASB2-expressing cells compared with that in dsRed-ASB2⌬S-expressing cells.
As shown in Fig. 3C , FLNa-GFP and FLNaABD-15-GFP levels were substantially decreased in ASB2-expressing cells compared with those in ASB2⌬S-expressing cells. By contrast, the expression of FLNa16-24-GFP was unaffected (Fig. 3C ). These data narrowed down the region of FLNa that is targeted for degradation by ASB2 to the region from the ABD to Ig domain 2635 ASB2 binds the FLNa ABD (Phall) and analyzed by western blotting using anti-GFP antibodies. (B) CHO FLNaABD-GFP cells were transfected with either dsRed-ASB2 or dsRed-ASB2⌬S. At 48 hours after transfection, cells were detached, washed with PBS and subjected to a FACS-based assay to measure the GFP intensity of dsRed-expressing and non-expressing cells. The bar chart depicts the mean GFP intensity of dsRed-expressing (positive) and nonexpressing (negative) cells (± s.e.m.) for three independent experiments. (C) CHO FLNaABD-GFP cells were transfected with dsRed-ASB2 or dsRed-ASB2⌬S. Cells were imaged 48 hours after transfection. (D) CHO cells were co-transfected with FLNaABD-GFP and GFP-ASB2 or GFP-ASB2⌬S. At 30 hours after transfection, cells were untreated or treated with 5 M MG132 for 18 hours. At 48 hours after transfection, cells were lysed and immunoblotted using anti-GFP antibodies. Vinculin was used as a loading control. Scale bars: 10 m.
15 of FLNa. We next tested ASB2-mediated degradation of FLNa1-15, a variant of FLNaABD-15 lacking the ABD (Fig. 3A) . Similar to FLNa16-24-GFP, FLNa1-15-GFP was not degraded (Fig. 3C) , suggesting that the ABD is required for targeted degradation. Consistent with this, FLNa⌬ABD-GFP, containing Ig domains 1-24 but lacking the ABD, was also resistant to ASB2-mediated degradation. Furthermore, FLNaABD-GFP was degraded following ASB2 expression (Fig. 3C) , indicating that the ABD is not only necessary but also sufficient for ASB2-mediated degradation. To confirm these results using a biochemical assay, CHO cells were co-transfected with the various FLNa-GFP constructs and GFP-ASB2 or GFP-ASB2⌬S. At 48 hours after transfection, western blotting showed that levels of FLNa constructs containing the ABD were reduced in presence of ASB2 but not the inactive ASB2⌬S mutant (Fig. 3D) . The results of the biochemical assay are consistent with the FACS assay and confirm that the ABD is not only necessary but also sufficient for ASB2-mediated degradation.
To further validate that FLNaABD is sufficient for ASB2-mediated degradation, a monoclonal CHO cell line stably expressing FLNaABD-GFP was generated (Fig. 4A ) and transfected with dsRed-ASB2 or dsRed-ASB2⌬S. The 40% transfection efficiency of dsRed-ASB2 and dsRed-ASB2⌬S allowed us to gate on dsRed-positive or -negative cells and measure the FLNaABD-GFP intensity of both populations within the same sample. As shown in Fig. 4B , FLNaABD-GFP levels were substantially decreased in ASB2-expressing cells compared with those in ASB2 non-expressing cells. However, ASB2⌬S expression did not affect FLNaABD-GFP levels (Fig. 4B) . Consistently, as shown in Fig. 4C , FLNaABD-GFP levels were greatly reduced in ASB2-expressing cells, whereas ASB2⌬S did not induce degradation of FLNaABD-GFP. Notably, both ASB2⌬S and FLNaABD accumulate on stress fibers but ASB2 is diffusely distributed in cells where FLNaABD had been degraded (Fig. 4A,C) .
We previously showed that ASB2 E3 ubiquitin ligase activity mediates polyubiquitylation and proteasomal degradation of FLNa (Heuze et al., 2008) . To determine whether ASB2-induced degradation of FLNaABD-GFP is mediated through the proteasome, CHO cells co-transfected with FLNaABD-GFP and GFP-ASB2 or GFP-ASB2⌬S were untreated or treated with the proteasome inhibitor MG132. Consistent with our above results, in untreated cells the level of FLNaABD-GFP was reduced in presence of ASB2 but not ASB2⌬S. However, MG132 inhibited ASB2-induced FLNaABD-GFP degradation (Fig. 4D) . Taken together, these results indicate that the ABD of FLNa is a substrate of the ASB2 E3 ubiquitin ligase complex and that ASB2-induced degradation of FLNaABD is proteasome dependent.
The ABD of FLNa is sufficient for ASB2 binding and targeting to stress fibers in FLNab-deficient fibroblasts
The above results, demonstrating that FLNaABD is the minimal domain of FLNa necessary and sufficient for ASB2-mediated degradation, suggest that this region contains the ASB2-binding site. To test whether FLNaABD is sufficient for ASB2 binding, pull-down assays were performed. GST and GST-FLNaABD were expressed in Escherichia coli and purified on glutathione affinity resin. Immobilized GST or GST-FLNaABD was then used in pulldown assays to assess ASB2 binding. Both GFP-ASB2 and GFP-ASB2⌬S bound to GST-FLNaABD, whereas only background binding was seen to the GST beads (Fig. 5A) demonstrating that the ABD of FLNa is sufficient for ASB2 binding.
We have shown that ASB2S fails to target to stress fibers in the FLNaKO-bKD cells (Fig. 2C,D) , that FLNaABD is effectively targeted for degradation by ASB2 in a proteasome-dependent manner (Fig. 3C,D and Fig. 4B ,C,D) and that FLNaABD binds ASB2 and ASB2S (Fig. 5A) . As FLNaABD efficiently targets to stress fibers (Fig. 4A ,C) we next tested whether FLNaABD is sufficient to restore targeting of ASB2S to stress fibers in the 2636 Journal of Cell Science 124 (15) FLNab-deficient fibroblasts. Expression of GFP-FLNaABD, but not GFP, rescued the stress fiber localization of ASB2⌬S in FLNaKO-bKD fibroblasts (Fig. 5B,C) , suggesting that FLNaABD is sufficient to target ASB2 to stress fibers. Taken together, our results indicate that the ABD is the minimal FLNa domain sufficient for ASB2 binding and targeting.
ASB2 targets the ABD of FLNb and FLNc for degradation
We previously showed that ASB2 targets FLNa, FLNb and FLNc for proteasomal degradation (Baldassarre et al., 2009; Bello et al., 2009; Burande et al., 2009; Heuze et al., 2008) and have now mapped the ABD of FLNa as the minimal fragment sufficient for ASB2-mediated degradation. The structure of FLNaABD is highly similar to the structure of FLNbABD [root mean square deviation (r.m.s.d.) of 0.425 Å; 1 Å=0.1 nm] with 89% sequence identity (Ruskamo and Ylanne, 2009) , whereas FLNaABD and FLNcABD show 82% sequence identify. Considering the high sequence identity among the ABDs of the three FLN isoforms (Fig. 6A) , we asked whether ASB2 could also target the ABD of FLNb and FLNc for degradation. We generated FLNbABD-GFP and FLNcABD-GFP constructs (Fig. 6B,C) and showed that, like FLNaABD-GFP, they target to stress fibers (Fig. 6B) . Furthermore, similar to FLNaABD-GFP, FLNbABD-GFP and FLNcABD-GFP are efficiently degraded in the presence of ASB2, as assessed by FACS analysis (Fig. 6D) .
The ABD of FLNb and FLNc rescue ASB2 targeting to stress fibers in FLNab-deficient fibroblasts
The above results, demonstrating that the ABD of FLNa, FLNb and FLNc are efficiently targeted for degradation, establish the specificity of ASB2 for the ABD of three FLN isoforms. We next asked whether FLNbABD or FLNcABD could restore F-actin 2637 ASB2 binds the FLNa ABD targeting of ASB2S in FLNab-deficient fibroblasts. Similar to FLNaABD-GFP, expression of FLNbABD-GFP and FLNcABD-GFP, but not GFP, rescued the stress fiber localization of ASB2⌬S in FLNab-deficient fibroblasts (Fig. 6E) , suggesting that FLNbABD and FLNcABD are sufficient to target ASB2 to stress fibers and are capable of binding ASB2. The ability of FLNcABD to recruit ASB2 to stress fibers suggests that the levels of FLNc in the FLNab-deficient cells remain below the threshold and that rescue of targeting requires higher FLNc expression levels.
ASB2 specifically targets the ABD of FLNa and not -actinin for degradation
The ABDs of FLNs are composed of two calponin homology (CH) domains, and structurally related domains are found in several Factin binding, bundling and crosslinking proteins, such as -actinins, spectrins, dystrophin, utrophin and plectins (Gimona et al., 2002) . -Actinin forms an anti-parallel dimer with an ABD followed by four spectrin repeats and a calmodulin-like domain (Otey and Carpen, 2004) . The -actinin1ABD has 36% sequence identity to FLNaABD and is structurally closely related to FLNaABD (r.m.s.d. of 1.4 Å) (Ruskamo and Ylanne, 2009) , and, like FLNs, -actinin localizes to stress fibers (Lorenzi and Gimona, 2008) . We therefore asked whether ASB2 is specific for FLNs or whether it could also induce degradation of -actinin, and whether -actinin is sufficient to target ASB2 to stress fibers.
To determine the specificity of ASB2-mediated degradation, HeLa cells were transfected with GFP-ASB2 or GFP-ASB2⌬S and 48 hours after transfection cells were stained for -actinin and FLNa. In GFP-ASB2-expressing cells FLNa was undetectable but -actinin staining remained, demonstrating the selectivity of ASB2 for FLNs (Fig. 7A) . Furthermore, despite the presence of -actinin on stress fibers, GFP-ASB2 was diffuse throughout the cytoplasm indicating that -actinin is not sufficient to recruit ASB2 to stress fibers (Fig. 7A ). This latter point was confirmed in FLNaKO-bKD fibroblasts, as -actinin staining on stress fibers was comparable in WT, FLNaKO and FLNaKO-bKD cells (Fig.  7B ) but ASB2 targeting to stress fibers was impaired in the FLNaKO-bKD cells (Fig. 2C) . These results suggest that ASB2 localization is independent of -actinin and further validates the requirement of FLNa and FLNb for targeting to stress fibers.
As a final test of the specificity of ASB2, we used the FACSbased assay to assess ASB2-mediated degradation of -actinin1ABD. Similar to FLNaABD-GFP, -actinin1ABD-GFP is sufficient to localize to stress fibers (Fig. 7C) (Lorenzi and Gimona, 2008) . As shown above, both full-length FLNa and FLNaABD were degraded (Fig. 7D) . By contrast, similar to FLNa16-24, -actinin1ABD was not degraded (Fig. 7D) . In summary, despite their similar structure and their related sequence, ASB2 specifically targets FLNaABD and not -actinin1ABD for degradation, and the localization of ASB2 to stress fibers in fibroblasts is dependent on FLNs despite the presence of -actinin and F-actin. Discussion ASB2-mediated proteasomal degradation is a new mechanism by which FLN levels can be acutely regulated and has the potential to affect many biological processes but specifically hematopoiesis. In acute myeloid leukemia, cells are arrested at an immature step of differentiation leading to an accumulation of granulocyte and monocyte precursors in the bone marrow and blood (Heuze et al., 2008) . All-trans retinoic acid serves as an effective therapy for inducing differentiation of acute promyelocytic leukemia. ASB2 is expressed upon retinoic acid treatment and proposed to regulate myeloid cell proliferation and differentiation by targeting regulators of hematopoiesis for degradation (Guibal et al., 2002; 2638 Journal of Cell Science 124 (15) 2005; Heuze et al., 2008) . We identified FLNs as ASB2 substrates and showed that ASB2 triggers degradation of these proteins in various cell types, including differentiating myeloid leukemia cells (Baldassarre et al., 2009; Heuze et al., 2008) . Retinoic-acid-induced expression of ASB2 correlates with FLN downregulation in myeloid leukemia cells induced to differentiate. Although, retinoic acid is the only pathway known to trigger ASB2-mediated FLN degradation, other pathways and stimuli might be linked to degradation of FLNs. Knockdown of endogenous ASB2 delays FLN degradation and differentiation (Heuze et al., 2008) , suggesting that FLNs can play a role in hematopoietic cell differentiation.
Despite the ample evidence that ASB2 triggers FLN degradation, the mechanism by which ASB2 interacts with FLN to induce degradation remained unknown. Here, we used a systematic approach to characterize the FLN-ASB2 interaction and map the ASB2-binding site within FLNa. Our initial observations suggested that the subcellular localization of ASB2 to actin-rich structures is due to association with FLNs. ASB2 initially colocalizes with FLNs to stress fibers in HeLa cells and fibroblasts, or to the cell cortex in HT1080 cells. However, after FLN degradation ASB2 is diffuse throughout the cytoplasm despite the presence of actin-rich structures. Thus, regardless of FLN localization, transiently expressed ASB2 colocalizes with FLNs and triggers FLN loss from stress fibers and the cell cortex. Furthermore, ASB2 effectively triggers loss of FLNs in promyelocytic NB4 and myeloblastic PLB985 cells (Heuze et al., 2008) , which do not form evident stress fibers. Following loss of FLNs, ASB2 localization is cytoplasmic, consistent with an interaction between ASB2 and FLNs.
To assess the dependency of the subcellular localization of ASB2 on FLNs more directly, FLNab-deficient fibroblast cells were used as a model system in our studies. In WT fibroblast cells, FLNs and ASB2 primarily localize to stress fibers, whereas in the FLNab-deficient cells ASB2 exhibits cytoplasmic localization, suggesting that the ASB2 subcellular localization is indeed dependent on FLNs. Furthermore, expression of FLNaABD rescues the ASB2 subcellular localization to stress fibers in FLNabdeficient fibroblasts. This result is consistent with our binding assay indicating that the ABD is capable of binding ASB2. The ability of FLNaABD to target ASB2 to F-actin strongly suggests that ASB2 binding does not affect actin binding to the ABD.
ASB2 is expressed in hematopoietic cells (Bello et al., 2009 ) and its primary function appears to be in the differentiation of blood cells rather than in differentiation of adherent fibroblast cells, as used in our study. The cells used in our study provided a facile means to investigate ASB2 function and its mode of interaction with FLNs. Here, we show that exogenous expression of ASB2 induces FLN degradation in adherent cell types, as it does in hematopoietic cells, validating that conserved mechanisms are involved. Whether there is endogenous expression of ASB2, and whether ASB2 can regulate cell differentiation, in such cell types remains to be determined. Additionally, the dependency of ASB2-induced FLN degradation and differentiation on F-actin are subjects of ongoing investigation.
We previously showed that some non-muscle cells express low but detectable levels of FLNc and that FLNc is upregulated after FLNa and FLNb knockdown (Baldassarre et al., 2009) . Consistent with this observation, FLNc expression was barely detectable in WT fibroblasts but was upregulated in FLNab-deficient cells. The significant upregulation of FLNc might explain the lack of effect on the actin cytoskeleton. However, FLNc upregulation was insufficient to rescue ASB2 targeting, whereas overexpression of FLNcABD rescued ASB2 localization, suggesting that FLNc levels remained too low to support stress fiber targeting. Unfortunately our anti-FLNc antibody does not work for immunofluorescence (data not shown) so we cannot determine the localization of the upregulated FLNc in the FLNab-deficient cells but, like FLNcABD-GFP, overexpressed FLNc-GFP localizes to stress fibers (data not shown) suggesting that FLNc is capable of stress fiber targeting.
Using a FACS-based assay we identified the ABD of FLNa as the minimal fragment necessary for ASB2-mediated degradation and showed that the isolated ABD is efficiently targeted for degradation by ASB2. The FACS assay allowed us to gate specifically on dsRed-ASB2-or dsRed-ASB2⌬S-expressing cells and measure GFP intensity of thousands of 'red' cells. Thus, this assay is extremely sensitive and quantitative, and provides an accurate measure for degradation. We note that the level of FLN degradation achieved in this assay was not complete and attribute this to the high expression of the GFP-tagged FLN constructs. To validate the results from the serial transfection, the FACS assay was repeated using a clonal CHO cell line stably expressing FLNaABD-GFP. Indeed, using this line, the expression of FLNaABD-GFP was significantly reduced in the ASB2-expressing cells, further validating the ABD of FLNa as a substrate of ASB2.
We previously showed that ASB2 E3 ubiquitin ligase activity mediates proteasomal degradation of FLNa (Heuze et al., 2008) and now show that ASB2-induced degradation of FLNaABD is also proteasome dependent. Furthermore, we demonstrate the specificity of ASB2 for the ABD of all the three members of the FLN family and show that the ABD of FLNb and FLNc are also efficiently targeted for degradation by ASB2. In addition, we show that expression of FLNbABD and FLNcABD rescue stress fiber targeting of ASB2 in FLNab-deficient cells. Interestingly, we show that, despite their similar structure and related sequence, ASB2 specifically targets FLNaABD and not -actinin1ABD for degradation. Taken together, these results demonstrate the specificity of ASB2 for the ABD of the three FLN isoforms and suggest that FLNbABD and FLNcABD are also ASB2 substrates and capable of interacting with ASB2. Thus, we propose that ASB2, upon binding FLN, mediates polyubiquitylation of the lysine residue(s) within the ABD and targets FLN for proteasomal degradation. Identification of lysine residue(s) within the ABD that might be targeted for polyubiquitylation by the ASB2 E3 ubiquitin ligase complex is subject of ongoing investigation.
FLNs play an important role in the differentiation of various cell types (Bello et al., 2009; Heuze et al., 2008; Lu et al., 2007; van der Flier et al., 2002; Zheng et al., 2007) . Deciphering the exact mechanism by which ASB2-mediated FLN degradation impacts upon cell differentiation is a major challenge. Knockdown of FLNa and FLNb inhibits cells spreading (Baldassarre et al., 2009; Heuze et al., 2008) , and this effect is recapitulated in ASB2-expressing cells, which display decreased area compared with that of cells expressing inactive mutants of ASB2 (Heuze et al., 2008) . Cytoskeletal reorganization, cell spreading and changes in cell shape are integral aspects of differentiation (McBeath et al., 2004) . Cell spreading and changes in cell shape regulate differentiation by altering focal adhesion assembly, RhoA downstream signaling pathways, and expression and signaling of integrins and cytoskeletal proteins (McBeath et al., 2004) . Thus, we speculate that ASB2 can control hematopoietic differentiation by modulating cell spreading and actin remodeling through targeting of FLNs for degradation.
In addition to F-actin, FLNs interact with transmembrane receptors and many signaling and adaptor proteins, and act as scaffold for a wide range of signaling pathways. They regulate integrin signaling and the activity of small GTPases of the Rho family, as well as factors upstream and downstream of GTPases (Zhou et al., 2010) . Thus, ASB2-mediated FLN degradation can impact upon many pathways involving FLNs, specifically those related to changes in cell shape and spreading. In our studies, we demonstrate the specificity of ASB2 for the ABD of the three members of the FLN family and show that the ABD is necessary for ASB2-mediated degradation and binding. This latter finding is of particular importance and will facilitate future mutational and structural studies. Importantly, a detailed understanding of the nature of the ASB2-FLN interaction will facilitate future studies on ASB2 and allow additional mechanistic studies into the significance of ASB2-mediated FLN degradation in cell function and differentiation.
Materials and Methods
Reagents and DNA constructs
Monoclonal anti-vinculin (Sigma), polyclonal anti-FLNc (Kinasource), polyclonal anti-GFP (Rockland), monoclonal anti--actinin (Sigma), secondary Alexa-Fluor-568-conjugated anti-rabbit-IgG (Invitrogen), Alexa-Fluor-800-conjugated anti-rabbitIgG (Invitrogen), Alexa-Fluor-647-conjugated anti-rabbit-IgG (Invitrogen), Alexa-Fluor-568-conjugated anti-mouse-IgG (Invitrogen), Alexa-Fluor-680-conjugated anti-goat-IgG (Invitrogen) antibodies, and phalloidin-Alexa-Fluor-568, phalloidin-Alexa-Fluor-350 and phalloidin-Alexa-Fluor-647 (Invitrogen), were purchased. The anti-FLNa and anti-FLNb antisera were raised against domains 19-21 of the respective proteins (Baldassarre et al., 2009; Heuze et al., 2008; Kiema et al., 2006) . Fibronectin (FN) solution (1 mg/ml) was from Sigma. Full-length FLNa-GFP, FLNaABD-15 (amino acids 1-1761) and FLNa16-24 (amino acids 1762-2647) conjugated to GFP have been described previously (Lad et al., 2007; . FLNaABD (amino acids 1-275), FLNa1-15 (amino acids 276-1761), FLNbABD (amino acids 1-251) and FLNcABD (amino acids 1-272), -actinin1ABD (amino acids 1-253) were generated using PCRs and subcloned into GFP pCDNA3, a modified version of pCDNA3 expression vector (Invitrogen). FLNa⌬ABD (amino acids 276-2647) conjugated to GFP was generated by subcloning FLNa⌬ABD (kindly provided by Thomas P. Stossel, Harvard Medical School, Boston, MA) (Nakamura et al., 2007) into GFP pCDNA3. GST-FLNaABD was a gift from Jari Ylänne (University of Jyväskylä, Finland) (Ruskamo and Ylanne, 2009) . GFP-ASB2, GFP-ASB2⌬S and dsRed-ASB2 expression constructs were as described previously (Heuze et al., 2008) . DsRed-ASB2⌬S was generated by subcloning ASB2⌬S (amino acids 1-544) into the pDsRed-monomerC1 expression vector (Clontech). FLNb shRNA in the pGIPZ vector was purchased from OpenBiosystems and MG132 was kindly provided by Mark Hochstrasser (Yale University, New Haven, CT).
Cell lines, culture conditions and transfection
HT1080 and HeLa cells were cultured in Dulbecco's modified essential medium (DMEM) (Invitrogen) containing 9% fetal bovine serum (FBS) (Atlanta Biological), sodium pyruvate (Invitrogen) and penicillin-streptomycin (Invitrogen). Immortalized fibroblasts from mouse embryos were cultured in DMEM containing 9% fetal clone III (Hyclone), sodium pyruvate and penicillin-streptomycin. CHO cells were cultured in DMEM containing 9% FBS, sodium pyruvate, non-essential amino acids (Invitrogen) and penicillin-streptomycin and were incubated at 37°C in a humidified atmosphere containing 5% CO 2 . For transfection, cells were either plated at 50% confluence and transfected 24 hours after plating or transfected in suspension using Lipofectamine 2000 (Invitrogen). For proteasome inhibition, cells were treated with 5 M MG132 for 18 hours.
Generation of FLNa-deficient FLNb-knockdown fibroblast cell lines
Fibroblasts from FLNa-deficient mouse embryos (Hart et al., 2006) were immortalized using the 3T3 protocol (Todaro and Green, 1963) by continual passage of 310 5 cells every 3 days on 50-mm dishes for 15-20 passages. Stable FLNadeficient FLNb-knockdown (FLNaKO-bKD) lines were established by transfecting immortalized FLNa deficient fibroblasts with pGIPZ vector expressing FLNb shRNA. Polyclonal populations were selected using 4 g/ml puromycin (Sigma). FLN expression was quantified by western blotting using anti-FLNa, anti-FLNb and antiFLNc antibodies. Anti-vinculin antibody was used as a loading control.
Quantification of colocalization
A special macro on the open source software ImageJ was developed and applied to images of dsRed-ASB2⌬S-expressing cells stained for F-actin (phalloidin conjugated to Alexa-Fluor-350) as follows. ASB2⌬S and the F-actin stain were normalized to account for intensity variation. Then a line was drawn across the cell, and fluorescence profiles along that line were collected for both ASB2⌬S and Factin. The profiles were then compared and Pearson's correlation coefficient was obtained using the JACoP plugIn (http://fsbweb.nih.gov/ij/plugins/track/jacop.html).
Generation of CHO cell line expressing FLNaABD-GFP
A CHO cell line stably expressing FLNaABD-GFP was established by transfecting CHO wild-type cells with FLNaABD-GFP pCDNA3 vector. Polyclonal populations were selected using 2 mg/ml Geneticin. Single clones were obtained by limiting dilution of the polyclonal population and screened by immunofluorescence and western blotting.
Immunofluorescence
Cells plated on fibronectin-coated (5 g/ml) coverslips were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 15 minutes and permeabilized for 30 minutes with PBS containing 0.2% BSA, 50 mM NH 4 Cl and 0.3% Triton X-100. After three washes with PBS, the coverslips were incubated with primary antibody or fluorophore-conjugated phalloidin for 1 hour at room temperature, washed in PBS and incubated with secondary antibody for 1 hour at room temperature. Coverslips were mounted using the ProLongGold anti-fade mounting agent (Invitrogen). Images were acquired using a Nikon TE2000, with a 20, 40 or 100 objective and IPLab (version 3.5.2; Scanlytics, Fairfax, VA) software, and were analyzed using ImageJ. For -actinin staining cells were permeabilized with 0.05% Triton X-100 for 30 seconds before fixation.
Immunoblotting
Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate and 0.1% SDS) containing protease inhibitor cocktail tablets (Roche). Proteins were resolved by SDS-PAGE, transferred onto nitrocellulose membrane (Bio-Rad) and blocked for 1 hour with 2% BSA in TBS-T (0.1 M Tris-HCl pH 7.4, 135 mM NaCl and 0.05% Tween-20). The membranes were incubated with primary antibodies overnight at 4°C, washed in TBS-T and incubated with fluorescent secondary antibodies. The signal was detected using the Odyssey infrared imaging system (LI-COR Biotechnology). Band intensities were quantified using ImageJ.
FACS assays
For the serial transfection, CHO cells were transfected with FLNa-GFP, FLNaABD-15-GFP, FLNa16-24-GFP, FLNa1-15-GFP, FLNa⌬ABD-GFP, FLNaABD-GFP, FLNbABD-GFP, FLNcABD-GFP and -actinin1ABD-GFP. At 24 hours after transfection cells were re-transfected with either dsRed-ASB2 or dsRed-ASB2⌬S. At 48 hours after the second transfection, cells were detached, washed in PBS and the GFP fluorescence intensity of dsRed-expressing cells was quantified using a FACSCalibur or LSRII instrument (BD Biosciences). FACS data analysis was carried out using FlowJo FACS analysis software. The percentage of protein remaining was defined as F/F⌬S  100, where F is the GFP geometric mean fluorescence intensity (MFI) of dsRed-ASB2-expressing cells and F⌬S is the GFP geometric mean fluorescence intensity of dsRed-ASB2⌬S-expressing cells.
The CHO cell line stably expressing FLNaABD-GFP was transfected with either dsRed-ASB2 or dsRed-ASB2⌬S. At 48 hours after transfection cells were detached, washed in PBS and the GFP fluorescence intensity of dsRed-expressing and non-expressing cells was quantified using the FACSCalibur or LSRII instrument (BD Biosciences). FACS data analysis was carried out using FlowJo FACS analysis software and the GFP geometric mean fluorescence intensity of dsRed-positive and -negative cells was reported.
Binding assays
GST fusion proteins were produced in E. coli BL21 Gold (Stratagene) and purified on glutathione-Sepharose 4 Fast Flow medium (GE Healthcare) according to the manufacturer's instructions. CHO cells were transiently transfected with GFP-ASB2 or ASB2⌬S, harvested 24 hours later and lysed. Cell lysates were incubated overnight with GST, or GST-FLNaABD bound to glutathione-Sepharose beads, washed and resuspended in SDS sample buffer. Bound proteins were fractionated by SDS-PAGE and analyzed by western blotting using anti-GFP antibodies. Band intensities were quantified using ImageJ and the percentage of bound protein was defined as B/Btotal  100 where B is the band intensity of GFP-ASB2 or GFP-ASB2⌬S from the pull-down and Btotal is the band intensity of the total input.
